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Abstract 19 
 20 
Global Navigation Satellite System (GNSS) signals exhibit rapid fluctuations at high 21 
and low latitudes as a consequence of propagation through drifting ionospheric 22 
irregularities. We focus on the high latitude scintillation problem, taking advantage 23 
of a conjunction of EISCAT Incoherent Scatter Radar (ISR) observations and a GPS 24 
scintillation monitor viewing the same line-of-sight. Just after 20:00 UT on 17 25 
October 2013, an auroral E-region ionization enhancement occurred with 26 
associated phase scintillations. This investigation uses the scintillation observations 27 
to estimate the ionospheric electron density distribution beyond the spatial 28 
resolution of the ISR (5 - 15 km along the line-of-sight in this case). Following the 29 
approach of Deshpande et al. [2014], signal propagation is modeled through a 30 
specified density distribution. A multiple phase screen propagation algorithm is 31 
applied to irregularities conforming to the description of Costa and Kelley [1977] 32 
and constrained to match the macroscopic conditions observed by the ISR.  A 50-33 
member ensemble of modeled outputs is approximately consistent with the 34 
observations according to the standard deviation of the phase (σp). The observations 35 
have σp = 0.23 radians, while the ensemble of modeled realizations has σp = 0.23 36 
+0.04 -0.04.  By comparison of the model output with the scintillation observations, 37 
we show that the density fluctuations cannot be a constant fraction of the mean 38 
density. The model indicates that E-region density fluctuations whose standard 39 
deviation varies temporally between 5 - 25% of the mean (ISR-observed) density 40 
are required to explain the observed phase scintillations.   41 
1. Introduction 42 
 43 
Scintillation is the phenomenon of random phase and intensity fluctuations in 44 
received radio signals. Scintillation is seen in transionospheric signals in the 45 
frequency range of 100 MHz – 4 GHz [Basu et al., 1988; Aarons & Basu, 1994]. At 46 
high latitudes, scintillation caused by E-region auroral events can be strong enough 47 
to cause loss of lock by GPS L-band receivers [Skone and De Jong, 2000; Smith et al., 48 
2008]. Physically, scintillation is caused by diffractive scattering and refractive 49 
lensing of signals by ionospheric electron density structures. At GPS frequencies 50 
(L1: 1575 MHz, L2: 1228 MHz), intermediate-scale irregularities (approximately 51 
0.1-10 km) are responsible for diffractive scattering.  52 
 53 
1.1 Signal propagation 54 
At high latitudes, phase scintillation is frequently observed without accompanying 55 
intensity scintillation [Aarons, 1997; Skone et al., 2008; Azeem et al., 2013]. The 56 
phenomenon has been addressed theoretically by Booker et al. [1950], Rino [1979], 57 
Yeh and Liu [1982], Kintner et al. [2007] and others. Signal phase and intensity can 58 
behave differently because they respond to different irregularity scale sizes. The 59 
Fresnel radius defines the most effective irregularity scale for intensity scintillation. 60 
The Fresnel radius is ~270 m for L1 signals when the irregularity layer is at a range 61 
of 150 km from the receiver. In principle, the signal phase responds to irregularities 62 
of all scale sizes. In practice, however, an artificial outer scale is imposed beyond 63 
which electron density variations have practically no effect [Forte and Radicella, 64 
2004]. This outer scale occurs because observational data are detrended to remove 65 
long period fluctuations. In the case of a 0.1 Hz filter and a 300 m/s effective velocity 66 
there is an artificial outer scale of 3000 m for the phase.  67 
 68 
1.2 Auroral scintillation 69 
Evidence of scintillation on L-band GPS signals in conjunction with auroral 70 
structures has been provided by Skone et al. [2001], Prikryl et al. [2011] and Kinrade 71 
et al. [2013]. Currently there are no E-region electron density observations of 72 
sufficiently high spatial resolution to determine the irregularity distributions 73 
responsible for these scintillations.  74 
 75 
The aim of this investigation is to determine the irregularity distribution 76 
characteristics using a constrained modeling approach to match the scintillation 77 
observations. Despite the unprecedented conjunction of data available in this case, 78 
some model parameters remain unconstrained by observations. These are the 79 
effective irregularity drift velocity, the fractional density fluctuation (Δ𝑁/𝑁) and the 80 
axial ratio of the irregularities. Choices of these parameters are informed by the 81 
parameter space search performed by Deshpande et al. [2014], by prior 82 
observational studies and by the observed scintillation signal.  83 
 84 
 85 
2. Observations 86 
 87 
The present study is based on an experiment where the European Incoherent 88 
Scatter Radar (EISCAT) is operated along the line of sight of GPS satellites, by 89 
tracking their motion across the sky. In the selected case study phase scintillation is 90 
observed at Tromsø, Norway just after 20:00 UT on 17 October 2013. The Kp index 91 
of 1+ between 18:00-21:00 UT indicates quiet geomagnetic conditions during the 92 
experiment. Similar scintillation cases are not especially rare in themselves, but we 93 
are not aware of another case with direct supporting observations from EISCAT 94 
along the GPS line of sight. 95 
 96 
The EISCAT UHF antenna tracked the location of GPS satellite PRN 23, making 97 
ionospheric electron density observations along the line-of-sight using the 98 
calibrated backscattered power from its 931 MHz transmissions. The dish changed 99 
position every 5 minutes, with the satellite moving across it in that period. Five 60-100 
second integrations are made at each location, from which electron density, ion and 101 
electron temperature and beam-parallel ion drifts can be calculated. This EISCAT 102 
experiment was monostatic, so no estimate of cross-track drifts can be made. At the 103 
time of interest (~20:05 UT), the angle between the beam and the magnetic field is 104 
around 25o. The azimuth and elevation of the beam are shown in Figure 1.  105 
 106 
Figure 1: The azimuth and elevation of the EISCAT beam during the scintillation 107 
experiment. The beam moves every five minutes, stopping at the central location of the 108 
GPS satellite for that period. 109 
 110 
A collocated Novatel GSV4004 GPS ionospheric scintillation monitor receives 111 
transmissions from the same satellite (PRN 23). The scintillation monitor outputs 112 
scintillation indices, TEC and TEC rate-of-change at one-minute intervals, together 113 
with 50 Hz signal intensity and phase [Van Dierendonck et al., 1993]. The 50 Hz 114 
intensity and phase are used for this study.  115 
 116 
EISCAT electron densities and GPS scintillation observations are shown in Figure 2. 117 
Scintillation data are detrended using a third-order polynomial followed by a sixth-118 
order 0.1 Hz high-pass Butterworth filter. At 20:05:20 UT, a phase scintillation spike 119 
of over 3 radians peak-to-peak is observed that corresponds with enhanced E-120 
region electron densities that peak at 4.17 x 1011 electrons/m3 at 132 km. Smaller 121 
phase scintillations occur from 20:04:30 to 20:07:00 UT. No corresponding spike in 122 
the observed signal intensity is observed above the noise floor.  123 
 124 
Figure 2: (a) EISCAT electron densities, (b) 50 Hz detrended GPS L1 carrier phase, (c) 125 
50 Hz signal intensity 126 
 127 
Power spectral densities are calculated on the unfiltered signal phase and intensity 128 
during the same period to determine the characteristics of the ionospheric 129 
irregularities responsible for the scintillation. The region > 0.1 Hz is directly 130 
comparable with the filtered signal of Figure 2. Welch’s power spectral density 131 
method is used with a Hamming window, eight segments and a 50% overlap. The 132 
time interval considered is 20:03 to 20:07 UT. These spectra are shown in Figure 3. 133 
The signal phase has a clear linear slope of -4.2 down to a noise floor above 1 Hz. 134 
The signal power does not have a single clear slope, although an increase above the 135 
noise floor is evident at lower frequencies. 136 
 137 
Figure 3: Power spectral density of (a) GPS signal phase and (b) signal intensity. A 138 
linear fit of -4.2 is achieved to the phase spectrum unaffected by noise (defined as 139 
between 0.1 - 0.5 Hz). No linear slope can be identified in the intensity. 140 
 141 
  142 
3. Modeling 143 
 144 
Given the supporting information available from EISCAT, it is possible to model GPS 145 
signal propagation through the ionosphere in this case. The comparison between 146 
modeled and observed results is used to understand what combination of 147 
parameters drives this particular event. The SIGMA scintillation model developed by 148 
Deshpande et al. [2014] is used here. SIGMA is a three-dimensional, multiple phase 149 
screen scintillation model that accounts for satellite and irregularity motion, and 150 
allows for anisotropic irregularity modeling. For this study, EISCAT electron density 151 
data are ingested to specify the macro-scale ionospheric electron densities. The 152 
geometry of the electron density representation is modified from the approach of 153 
Deshpande et al. [2014], but the signal propagation algorithm and the irregularity 154 
spectrum generator (based on the formulation of Costa and Kelley, [1977]) remain 155 
unchanged. The spectrum P, shown in Equation 1, depicts a Gaussian density 156 
distribution along the magnetic field direction 𝑘𝑧  and a power law variation 157 
perpendicular to it (in the plane of 𝑘𝑥  and 𝑘𝑦 ): 158 
𝑷(𝒌) =  
𝑎 𝛾 𝑠𝑖𝑛(3𝜋/𝛾)
4𝜋2𝑘0
3 Δ𝑁
2 ∙ {(1 +
𝑘𝑥
2+𝑘𝑦
2+𝑎2𝑘𝑧
2
𝑘0
2 )
−𝛾/2
}
−1
                (1) 159 
Here k = (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) is the spatial wave number vector, 𝛾 is the spectral index, a is 160 
the axial ratio, Δ𝑁 is the root-mean-square density fluctuation and 𝑘0 is the 161 
wavenumber associated with the outer scale of the irregularity spectrum.   162 
 163 
3.1 Electron density representation 164 
A geometry change is introduced to SIGMA for this study in order to drastically 165 
reduce computation times. Instead of using a static horizontal/vertical grid large 166 
enough to capture all ray paths throughout the experiment, we align our grid along 167 
the satellite-receiver line of sight at each timestep (see Figure 4). The result is that 168 
the representation volume must only extend a few Fresnel radii in the 169 
perpendicular directions to capture weak scatter effects, and so computation times 170 
are reduced down to faster than real-time for short (five-minute) simulation periods 171 
(depending on resolution). This approximation is valid only in weak scatter cases, 172 
such as the case addressed here. A larger perpendicular extent would be required to 173 
capture the effects of strong scatter.  174 
 175 
 176 
Figure 4: The geometry change introduced to SIGMA for this study. The new geometry 177 
(orange) allows for smaller phase screens and thus faster computation times and 178 
lower memory requirements. 179 
 180 
To understand the scintillation that results from signal propagation through a given 181 
ionospheric irregularity distribution, the altitude and thickness of the irregularity 182 
layer and the apparent velocity perpendicular to the line-of-sight must be known. 183 
We do not have direct observations of these parameters, so it is necessary to make 184 
some assumptions. Given the electron density enhancements observed by EISCAT 185 
and shown in Figure 2, we assume associated irregularities are formed in the region 186 
~95 – 175 km altitude (110 – 200 km range). The gradients associated with the 187 
irregularities (∆𝑁) are assumed to be a varying proportion of the background 188 
density, so that the mean-squared fractional fluctuation density (
∆𝑁
𝑁
)
2̅̅ ̅̅ ̅̅ ̅
 is allowed to 189 
vary in time. In this case EISCAT is operated in mono-static mode and so observes 190 
only the component of bulk plasma velocity in a single line-of-sight between the GPS 191 
satellite and receiver, so it is not possible to deduce the effective drift velocity of the 192 
irregularities. A velocity of 300 m/s is found to be the lowest that produces an 193 
accurate match to both the phase and intensity spectra shown in Figure 3. This is 194 
below the ion acoustic velocity (~500 m/s at 150 km altitude increasing to ~1000 195 
m/s at 220 km, using EISCAT temperatures and assuming ion molar mass of 28) and 196 
well within the normal range of ion drift velocities seen at auroral latitudes, which 197 
can be as high as 1000 m/s or more [e.g. Chisham et al., 2007]. The slope of the 198 
power spectral density is set to -4.2 and there is effectively no outer scale (lengths 199 
beyond 3 km are removed by the 0.1 Hz high pass filter). The axial ratio is set to 1 in 200 
this case. This is necessary because, in this case, values larger than 1 cause the 201 
modeled intensity fluctuations to rise above what is observed. It is worth noting that 202 
this value is much lower than what Gola et al. [1992] found to fit most auroral cases 203 
(values between 6 – 15), so this event may be seen as unusual.  204 
 205 
It is not possible to match the time-domain phase signal (Figure 2) with (
∆𝑁
𝑁
)
2̅̅ ̅̅ ̅̅ ̅
 set to 206 
a constant, so it is necessary to vary ∆𝑁 between 5 – 25 % of N. Even with this, the 207 
large (> 3 radian) spike observed at 20:05:25 cannot be reproduced, so a kilometer-208 
scale enhancement is added to the irregularity spectrum at that time. This transient 209 
spike has no appreciable effect on the modeled spectra. The resulting modeled 210 
electron density distribution is shown in Figure 5.  211 
 212 
Figure 5: (a) the observed detrended phase is repeated from Figure 2, (b) range-time 213 
profile of an example model electron density configuration, based on EISCAT 214 
observations of the background density with one realization of Costa-Kelley 215 
irregularities added (c) cross-track profile of the same model densities, and (d) the 216 
variable irregularity scaling factor. Three phase screens are constructed 217 
perpendicular to Z (at 125-, 155- and 185-km) from this density distribution.  218 
 219 
The electron density representation shown in Figure 5 is moved along the Y-220 
direction, across the direction of signal propagation (Z), at an effective drift velocity 221 
of 300 m/s. This is the lowest velocity that could be used that matched the observed 222 
phase scintillation without changing parameters that would enhance the modeled 223 
signal intensity above what was observed. A sliding box is applied so that the X 224 
extent is always 3000 m (equivalent to 0.1 Hz at 300 m/s effective drift velocity), 225 
the same as the Y extent. A larger X/Y extent would have no effect on the result 226 
because a 0.1 Hz high pass filter is applied to the results (described below).  227 
 228 
3.2 Signal propagation 229 
The signal propagation algorithm developed by Deshpande et al. [2014] remains 230 
unchanged here. This is a modified version of Rino’s [1979] algorithm, so the 231 
electron density distribution in a layer is used to calculate a phase screen that is 232 
applied to the signal. Following Knepp [1983], multiple phase screens (three in this 233 
case) are used so that re-scattering of the signal can be modeled. This is potentially 234 
an important feature at high latitudes where the irregularity region can extend for 235 
tens of kilometers or more due to the near-vertical orientation of the magnetic field.  236 
 237 
The model configuration used for these simulations is set out in Table 1.  238 
 239 
Table 1: Model configuration 240 
Parameter Value 
Sample frequency 10 Hz 
Effective drift velocity 300 m/s  
High-pass filter cutoff 0.1 Hz 
Outer scale 3000 m (effectively none) 
Axial ratio 1 
Spectral index 4.2 
Phase screens 3 (at 125-, 155- and 185-km range) 
Resolution (X, Y, Z) 30, 30, 100 m 
Grid size (X, Y, Z) 3000, 3000, 90 000 m 
 241 
Fifty realizations of the model are produced using this configuration with different 242 
random number seeds for the irregularities. Figure 6 shows that the model 243 
reproduces the major features of the observed phase scintillation pattern in the time 244 
domain. Low-level (<0.25 radians peak-to-peak) phase fluctuations are observed 245 
before 20:04:30. Fluctuations increase to a moderate level (~1 radian peak-to-peak) 246 
between 20:04:30 and 20:05:55, with a large (>3 radians peak-to-peak) spike at 247 
about 20:05:25. There is a second low-level phase between 20:05:55 and 20:06:20, 248 
followed by a slightly more intense period (~1.5 radians peak-to-peak) thereafter. 249 
Both the modeled and the observed intensity fluctuations are small at all times. 250 
Slight enhancements seen in the modeled intensity fluctuations appear to be within 251 
the receiver noise of the observed intensity fluctuations (model values are shifted 252 
up 1 dB so they can be seen clearly). 253 
 254 
Figure 6: (a) the modeled (50 realizations in grey) and observed (bold black) 255 
detrended L1 carrier phase and (b) the L1 intensity. The modeled intensity is shifted up 256 
1 dB so that it can be seen clearly.  257 
 258 
The standard deviation is used to provide a quantitative performance metric here. 259 
This is calculated as shown in Equation 2: 260 
σp =  √〈φ2〉 − 〈φ〉2                                                   (2) 261 
where φ is the detrended L1 carrier phase in radians and means are calculated over 262 
the time-series shown in Figure 6.  The observations have σp = 0.23 radians, while 263 
the ensemble of modeled realizations has σp = 0.23 +0.04 -0.04 radians (using mean, 264 
maximum and minimum model values). It is worth noting that a single phase screen 265 
approach captures less scattering than the multiple phase screen approach in this 266 
case. The same model configuration as used above, except with a single screen at 267 
155-km, produces lower σp = 0.19 +0.03 -0.04 radians. 268 
 269 
The Power Spectral Density (PSD) of the modeled phase and intensity are compared 270 
against the observations in Figure 7. The results are directly comparable in the 271 
range 10-1 – 100 Hz, where the signals are both above the noise floor and below the 272 
artificial 3000 m (equivalent to 0.1 Hz at 300 m/s effective drift velocity) outer scale 273 
imposed on the model for reasons of computational efficiency. In that range, the 274 
modeled and observed phase signals are in agreement since the observations lie 275 
within the range of model realizations. The modeled and observed power are both 276 
extremely weak and, while there is not a uniform slope evident in the observations, 277 
the two datasets can be considered approximately consistent. The observed 278 
intensity PSD has a similar shape at times outside of the phase scintillation event, so 279 
the two effects are likely unrelated.  280 
 281 
Figure 7: Power spectral densities of (a) phase and (b) intensity from the observations 282 
and 50 realizations of the model between 20:03 and 20:07 UT. Model values are 283 
normalized at 0.1 Hz. 284 
 285 
4. Discussion  286 
 287 
A new technique has been developed to ingest electron density observations into 288 
the SIGMA scintillation model. This development, combined with a geometry change 289 
that dramatically reduces computation times, allows for ensemble modeling of 290 
ionospheric scintillation. These developments have been used to compare model 291 
results against real scintillation observations in a specific auroral case study, and to 292 
determine likely characteristics of the ionospheric irregularities responsible.  293 
 294 
In this case, the model-observation comparison makes it possible to test the 295 
assumption that the mean-squared fractional density of ionospheric irregularities 296 
responsible for scintillation is a constant. Thanks to the availability of co-aligned 297 
EISCAT and GPS data, it is possible to show that this assumption does not hold in 298 
this case. The magnitude of the phase scintillations is clearly not proportional to the 299 
background density as observed by EISCAT. In the model, the fraction 
∆𝑁
𝑁
 has to be 300 
adjusted between 5-25% to achieve a match to the observations. A similar match 301 
could not have been achieved through adjustment of the other free parameters 302 
(effective drift velocity, axial ratio) within reasonable physical limits. This case may 303 
well be unusual since these irregularities are caused by an auroral E-region 304 
enhancement rather than by F-region convective processes. The unusual nature of 305 
this event is underlined by the steep slope of the phase PSD (-4.2).  306 
 307 
It is possible to assess the performance of SIGMA in reproducing the observations if 308 
two limitations are taken into account. These are that an observational noise floor is 309 
evident above ~1 Hz, and that the model is applied to scales < 3000 m (frequencies 310 
higher than 0.1 Hz). Within the region where a direct comparison can be made (0.1 – 311 
1 Hz), the results support the conclusion that the formulation of Costa & Kelley 312 
[1977] provides an accurate description of these irregularities, and that our 313 
multiple phase screen signal propagation algorithm is suitable to characterize signal 314 
propagation in this case. It is worth noting that the transverse velocity of the 315 
irregularities (300 m/s) had to be estimated because of a lack of supporting 316 
observational evidence. The lowest suitable velocity was chosen here – a lower 317 
velocity would have required an increase in ∆𝑁 that would have caused more 318 
intensity scintillation than was observed. The axial ratio also had to be set to a 319 
rather unusual value of 1 in order to prevent any increase in the modeled intensity 320 
scintillation above what was observed.  321 
 322 
The ‘frozen-in’ assumption was used in the model results presented here. Since the 323 
model is broadly consistent with the observations, it appears there is no need to 324 
invoke a more complicated, time-evolving irregularity distribution in this case. 325 
However our results do not exclude the possibility that the irregularities evolve in 326 
time. The current modeling approach could be adapted to deal with time-evolving 327 
irregularities if cases are identified that cannot be represented otherwise.  328 
 329 
The development of SIGMA for this study has greatly reduced computation times 330 
down to approximately real-time for simulation periods of a few minutes (running 331 
in Matlab on a laptop computer). This development permits the use of grids with Z-332 
extent large enough to simulate the effects of multiple scatter, which may be 333 
important for high-latitude scintillation. In this case we noted a discrepancy 334 
between the model using three phase screens and using just one. Assuming that the 335 
irregularity region truly extends for 90 km in the Z-direction, as was specified here, 336 
this finding indicates that the effects of multiple scatter should be taken into 337 
account. While the observed density enhancement extends for 90 km, there is no 338 
proof that irregularities extend throughout that region. Therefore we cannot 339 
exclude that a more intense but narrower region of irregularities exists.  340 
 341 
 342 
5. Conclusions 343 
 344 
The SIGMA model has reasonably accurately reproduced scintillations observed at 345 
Tromsø, which indicates that the modeled ionospheric irregularity distribution and 346 
signal propagation algorithm are likely to be consistent with the observations. A 347 
new grid geometry has been applied to the SIGMA model to achieve these results, 348 
with the positive consequence that computation times are greatly reduced. In this 349 
case, the results show that 
∆𝑁
𝑁
 is not a constant, but the frozen-in assumption is 350 
consistent with the observations. Coupled with the steep slope of the phase PSD (-351 
4.2) and axial ratio of 1, effective drift velocities of 300 m/s are sufficient to produce 352 
phase scintillation without having much effect on the modeled signal intensity, 353 
which is consistent with the observations.  354 
 355 
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